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We have found a ferromagnetic Weyl semimetal (WSM) in half metallic Co3Sn2Se2. The three
pairs of Weyl points near Fermi level (EF ) are derived from nodal lines gapped by spin-orbit coupling
(SOC). Though the Weyl points are 0.11 eV above the charge neutral point, Fermi arc related states
in the cleaved surface can range from EF -0.15 to EF+0.11 eV in energy space, due to the surface
bands dispersion. Hence, Weyl points related physics should be detected by surface measurements,
such as ARPES and STM. Because of the large Berry curvature deriving from the gapped nodal
lines and Weyl points, the anomalous Hall conductivity of Co3Sn2Se2 can keep above 620 S/cm in a
large energy window. Beside magnetic WSM, Co3Sn2Se2 also possesses a Z2 topological semimetal
phase as the temperature is above Curie temperature. Owing to the quasi two-dimensional lattice
structure, it is also possible to realize quantum anomalous Hall effect in its 2D limit via the size
effect. Therefore, Co3Sn2Se2 provides a good platform for the interplay of different topological
states and magnetic states.
INTRODUCTION
Weyl semimetals (WSMs) are recently discovered
quantum topological state in condensed matter physics,
and soon attracted extensive interest because of its
connection beween different field of physics and its
potential applications [1–6]. In WSMs, the conduction
bands and valence bands linearly touch each other in
three dimensional (3D) momentum space via the Weyl
cones. Different from Dirac cone, the Weyl cone is
a doubly degenerated band crossing, and can be only
defined in 3D. Therefore, the Weyl cones behave as the
monopoles of Berry curvature with negative and positive
chiralities, which result in the non-zero local topological
charge [7]. In contrary to topological insulators, the
Fermi surface of surface states for WSMs are non-closed
Fermi arcs connecting one pair of Weyl points with
opposite chiralities [1]. Beside surface Fermi arcs, WSMs
also host exotic transport properties in the bulk, such as
chiral anomaly effect [8–11], strong intrinsic anomalous
Hall and spin Hall effect [12–14], gravitational anomaly
effect [15], as well as large magnetoresistance [8–10, 16–
19], etc.
The existence of Weyl points needs to lift the spin
degeneracy by breaking spatial inversion or time reversal
symmetry (or both of them). The first class of WSM was
discovered in the noncentrosymmetric transition-metal
monophosphides (Ta,Nb)(As,P) by the observation of
Fermi arcs on the surface [20–30] and chiral anomaly
induced negative magnetoresistance from transport [8–
11]. In the following three years, several other inversion
symmetry broken WSMs were predicted and some of
them were verified by experiments, especially the type-II
WSMs in WTe2 and MoTe2 [31–36]. However, in
contrast to WSMs with inversion symmetry breaking,
there are only very few theory proposals for the magnetic
WSMs, such as Y2Ir2O7 [1], HgCr2Se4 [13], and Co-based
magnetic Heusler compounds [37–39], etc. But, so
far, none of them was experimentally confirmed. That
maybe because Weyl points are far away from Fermi
level for these candidates, which makes the Weyl points
dominated physics not easy to detect from transport
measurement, or magnetic domains are too small for
photo emission measurements.
Very recently, a new magnetic WSM Co3Sn2S2 was
proposed [40]. Owing to the large Berry curvature
from Weyl points and SOC opened nodal rings, a
large intrinsic anomalous Hall conductivity (AHC) up
to 1100 S/cm was predicted, which was also observed
from transport measurements. Besides, together with
low charge carrier density and charge conductivity, the
anomalous Hall angle can reach up to 20%, which was
never observed in other compounds. Inspired by this
result, we predict that the magnetic WSM can also exist
in its counterpart Co3Sn2Se2. Increasing temperature
above Curie temperature, the WSM phase will transfers
to a Z2 topological semimetal. So it offers a good
platform for the study of topological phase transition
along with magnetic phase transition. Moreover, owing
to the layered lattice structure, it is also a good
candidate to obtain the thin film and integrate to the
heterostructure, which is a crucial step for the future
utilization of topological materials in electronic devices.
METHODS
To investigate the electronic and magnetic structures
we have applied the Vienna ab−initio simulation package
(VASP) [41] for the first principles calculations, and
we chose generalized gradient approximation (GGA) of
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2Perdew-Burke-Ernzerhof (PBE) [42] as the exchange
correlation potential. The cut-off energy is 400 eV and
the k-mesh for self-consistent is 10×10×10. To calculate
the surface states, we generated maximally localized
Wannier functions (MLWFs) [43] derived from Co-3d,
Sn-5p and Se-4p orbitals, and the tight binding model
Hamiltonian was constructed from the MLWFs overlap
matrix.
RESULTS
Same as Co3Sn2S2, Co3Sn2Se2 has a rhombohedral
lattice structure with space group of R3¯m (No. 166) [44,
45], which has inversion center, triple rotation axis and
three mirror planes, see Fig. 1(a) and (b). It can be
viewed as a list of quasi two-dimensional (2D) plane
stacking along the z direction of Cartesian coordinate
system. From our calculations, Co3Sn2Se2 has almost
the same magnetic structure as that in Co3Sn2S2, where
magnetic polarization along z with magnetic moment of
0.34µB/Co, good agreement with experimental reports
for the alloys of Co3Sn2(S,Se)2. The electronic band
structure shows a semimetallic state. Without inclusion
of spin orbital coupling (SOC), it presents as a half
metal with spin-up channel crossing the Fermi level and
spin-down channel insulated with a band gap of 0.3 eV.
From Fig. 1(c) one can see that the spin-up channel forms
two linear band crossings on the line of U −L and L−Γ,
respectively. Since the interaction between spin-up and
spin-down states is ignored in the case without SOC, the
Hamiltonian has the mirror symmetry. Therefore, the
linear band crossings form the nodal-rings in the mirror
planes, and the linear crossing points on the line of U−L
and L− Γ are just single point on the ring. Considering
the inversion and C3z rotation symmetries, there are six
nodal rings in the whole Brillouin zone (BZ) in total, see
Fig. 1(e).
As long as SOC is taken into consideration, the Sz
is not a good quantum number anymore, and mirror
symmetry is removed from the Hamiltonian, leading to
the broken of the nodal rings by opening a band gap,
as shown in Fig. 1(c). However, one pair of linear
crossings is preserved in the form of Weyl points with
opposite topological charges of Chern number +1 and
-1, respectively. Considering the inversion symmetry
and C3z rotation symmetries, there are three pairs of
Weyl points inside BZ. Similar to Co3Sn2S2, the Weyl
points are lying 0.11 eV above the Fermi level. Hence,
the electron-doping is preferred for detecting Weyl points
dominated properties.
A typical feature for WSM is the non-closed Fermi
arc surface state, which can be measured experimentally
by photoemission spectroscopy and scanning tunneling
microscope. For Co3Sn2Se2, it has a quasi 2D sructure
stacking along z, and this will make it easy to get
FIG. 1. (Color online) (a) The crystal structure of
Co3Sn2Se2 and (b) the top view along z direction of Cartesian
coordinate system. (c) Band structures with SOC (black
lines) and without SOC (red lines and blue lines for spin up
and down) of ferromagnetic Co3Sn2Se2. (d) Band structure
with SOC when the k-path cross a pair of Weyl points with
opposite chiralities. All the Weyl points are located at the
same energy about 110 meV. (e) Brillouin zone (BZ) of
Co3Sn2Se2. The green rings are nodal line structures, and
the blue points and red points represent the Weyl points with
opposite chiralities. Only three pairs of Weyl points are inside
the BZ.
(001) surface. Owing to the weak Sn-Se bonding in
z direction, there are two possible terminations for
Co3Sn2Se2, Sn terminal and Se terminal, respectively.
To calculate the surface states, we have considered the
half infinite boundary conditions by using the Green’s
function method [46, 47], for both Sn and Se terminals.
Fixing the chemical potential at the Weyl points, a
surface state terminating at one pair of Weyl points with
opposite chiralities for the Sn terminal, which is just the
character of Fermi arcs. Owing to the long separation of
this pair of Weyl points in momentum space, the Fermi
arcs can range about 35% of the reciprocal lattice vector.
Due to the C3z rotation symmetry, in total, there are
three Fermi arcs in the whole BZ, as presented in Fig.
2(a). Since the Weyl points is around 0.11 eV above the
charge neutral point, it is not so easy to detect this Fermi
arc for the photoemission measurements. Fortunately,
the arc related states have a strong dispersion in energy
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FIG. 2. (Color online) (a) and (c) are the Fermi arcs at
the energy of Weyl points (E = EW ) of Sn terminal and Se
terminal in the (001) surface in Cartesian coordinate system.
The balls in different colour illustrate the projection of the
bulk Weyl points with opposite chiralities on the surface. (b)
and (d) are the dispersion of Sn terminal and Se terminal in
(001) surface with the k-path crossing two Weyl points with
opposite chiralities shown in (a).
space, and lead to the crossing of the Fermi level,
without mixing with bulk states. Hence it offers good
opportunity to observe the Fermi arcs by ARPES. In
contrast, the Fermi arcs in Se terminal are relatively
short and large parts of them are merged into bulk states.
Besides, the energy dispersion of the arc related bands
are extended above Weyl points in the energy space, see
Fig. 2 (d). Hence, in order to observe the Fermi arc
in Se-termination, it needs the bulk electron doping or
surface K-dosing to reach to the high energy zone.
Since Berry curvature is odd under time reversal
operation, WSMs and nodal line semimetals often host
strong intrinsic anomalous Hall effect (AHE). We firstly
checked the Berry curvature distribution in the k-space
by integral the Berry curvature (Ωzxy) long kz in the
BZ. Two types of hot spots were observed from the
kz-projected Berry curvature, see Fig. 3(a). One is
around the Weyl ponits and the other is near the edge of
nodal line. To see the origin of the hot spots, we further
analyzed the Berry curvature distribution in one mirror
plane with ky=0, in which two pairs of Weyl points and
two nodal lines are included. As shown in Fig. 3(b), the
hot spot of the integrated Berry curvature is just decided
by the shape of the nodal rings, and both of the two types
of hot spots are originated from the nodal line like band
FIG. 3. (Color online) (a) and (b) are the distribution
of the Berry curvature for the kz = 0 and ky = 0 plane.
The different color demonstrate different direction. So there
are two different kinds of hot spots which is shown in small
windows. The red and blue points represent Weyl points with
opposite chiralities, and the green rings are nodal lines as
before. (c) Anomalous Hall conductivity σAHC as a function
of Fermi level position for Co3Sn2Se2.
anti-crossings. Along the nodal ring, the part parallel to
kz contributes the larger hot spot, and another part near
Weyl points provides the smaller hot spot. Owing to the
large contribution from the band anticrossing of the six
nodal rings and nearby Weyl points, intrinsic AHC can
reach up to 620 S/cm. Because of the dispersion of nodal
rings in energy space, the AHC keeps above 620 S/cm in
an energy window of EF -0.1 to EF+0.1 eV, as presented
in Fig. 3(c). Though the AHC is not so large as that
in Co3Sn2S2, it still should be a strong signal for the
transport measurements from the semimetal point view.
Similar to Co3Sn2S2, the magnetic structure of
Co3Sn2Se2 charges from ferromagnet to paramagnet as
increasing the temperature. Interestingly, the magnetic
phase transition is accompanied with a topolgical phase
transition from WSM to a Z2 semimetal. The band
structures of paramagnetic Co3Sn2Se2 is shown in Fig.
4(a). In the absence of SOC, it also forms nodal line
structures protected by the mirror symmetry, just like
that in the ferromagnetic phase. Because of the inversion
and time reversal symmetry in paramagnetic phase, the
linear crossing of nodal ring is fully gapped by SOC,
and leads to an inverted band gap. Further checking
the parity product at the eight time reversal invariant
momenta for the ”occupied bands”, it is found that this
band gap defines a non-trivial Z2 invariant (1;000) [48].
The Z2 topological phase is further confirmed by the
surface Dirac cone. However, due to the dispersion
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FIG. 4. (Color online) (a) Band structure of paramagnetic phase of Co3Sn2Se2 without SOC (black solid line), with SOC (red
dashed line), with two times of SOC (blue dashed line) and with three times of SOC (green dashed line) when temperature is
above Curie temperature. (b), (c) and (d) are the surface states around M¯ point along Γ¯ − M¯ − Γ¯ direction with SOC, with
two times of SOC and with three times of SOC.
of the nodal line in energy space, the overlap of the
projected bulk states make the band gaps are almost
invisible for some k-points, see Fig. 4(b). Therefore,
it is hard to distinguish the non-trivial surface Dirac
cone from Rashba splitting. To clarify this confusion,
we have tried to enlarge the band gap smoothly without
changing band order via increasing SOC artificially, as
shown in Fig. 4 (a). From Fig. 4 (b-d) we can obviously
see that the surface states connect the bulk valence and
conduction bands when the band gap is large enough,
which directly confirm the non-trivial topological surface
state. Therefore Co3Sn2Se2 possesses two different
topological states in the temperature degree.
SUMMARY
In summary, we have theoretically predicted a
magnetic WSM in layered half metallic Co3Sn2Se2. In
the absence of SOC, the band inversion leads to six
nodal rings in the three mirror planes due to the
protection of reflection symmetry. The nodal rings are
gapped out by SOC, and two linear crossing points are
remained in the form of Weyl points. Because of the
large Berry curvature from Weyl points and gapped
nodal rings, the AHC can reach up to 620 S/cm in
a large energy window. Along with magnetic phase
transition, Co3Sn2Se2 transfers from magnetic WSM to
time reversal symmetry protected Z2 semimetal. So
it provides a good platform for the study of multiple
topological phases based on one material. Moreover,
due to the quasi 2D lattice structure, it is possible
to realize the quantum anomalous Hall effect in the
2D limit of Co3Sn2Se2 via the quantum confinement.
Compared to sulfide, selenide is much friendly for the
film growth technique. Therefore Co3Sn2Se2 also offers
good opportunity to be integrated to electronic devices
through heterostructure.
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